Rotation of a DNA or RNA nucleotide out of the double helix and into a protein pocket ('base flipping') is a mechanistic feature common to some DNA/RNAbinding proteins. Here, we report the structure of HhaI methyltransferase in complex with DNA containing a south-constrained abasic carbocyclic sugar at the target site in the presence of the methyl donor byproduct AdoHcy. Unexpectedly, the locked south pseudosugar appears to be trapped in the middle of the flipping pathway via the DNA major groove, held in place primarily through Van der Waals contacts with a set of invariant amino acids. Molecular dynamics simulations indicate that the structural stabilization observed with the south-constrained pseudosugar will not occur with a north-constrained pseudosugar, which explains its lowered binding affinity. Moreover, comparison of structural transitions of the sugar and phosphodiester backbone observed during computational studies of base flipping in the M.HhaI-DNA-AdoHcy ternary complex indicate that the south-constrained pseudosugar induces a conformation on the phosphodiester backbone that corresponds to that of a discrete intermediate of the base-flipping pathway. As previous crystal structures of M.HhaI ternary complex with DNA displayed the flipped sugar moiety in the antipodal north conformation, we suggest that conversion of the sugar pucker from south to north beyond the middle of the pathway is an essential part of the mechanism through which flipping must proceed to reach its final destination. We also discuss the possibility of the south-constrained pseudosugar mimicking a transition state in the phosphodiester and sugar moieties that occurs during DNA base flipping in the presence of M.HhaI.
INTRODUCTION
Many DNA-binding proteins are non-catalytic and exert their effects by binding at appropriate locations of the double helix. The result of this interaction is, in some cases, alterations in local DNA conformation. Other proteins such as DNA methyltransferases (MTases) recognize specific nucleotide sequences while simultaneously bringing the catalytic side chains into proximity of the target nucleotide(s). All catalytically active proteins balance the requirements for recognition against those for catalysis, but for enzymes that act on specific DNA sequences, this balancing act is particularly demanding. DNA MTases, which share the core structure of the great majority of S-adenosyl-L-methionine (AdoMet)-dependent MTases (1), have had to adapt to act on their giant DNA substrates. Initially, it was difficult to understand how DNA MTases acted on a target atom (C5 or N4 of cytosine or N6 of adenine) that is held at the solvent-accessible major groove surface by base pairing and stacking, and seemingly inaccessible to the concave active site pocket. The answer to this puzzle came when the crystal structure of the HhaI MTase (M.HhaI) complexed with a synthetic DNA duplex was solved (2) . In a process termed 'base flipping', the enzyme simply rotates the target DNA base $180
(along an axis parallel to the DNA major axis) on its flanking phosphodiester bonds such that the base projects into the catalytic pocket ( Figure 1A ). This strategy is used by other enzymes, such as those involved in DNA base excision repair, and helps to explain the widespread use of base flipping when an enzyme needs access to an individual base in double-stranded DNA or RNA substrates (3, 4) . Considering its biological importance, it is surprising how much remains unknown about the mechanism of base flipping, including how the movement is initiated and advanced. Previous studies with M.HhaI revealed two basic points. First, the enhanced binding affinity of M.HhaI to DNA resulting from the presence of an abasic furanose sugar ( Figure 1E ) at the target recognition sequence increases >3-fold when this sugar is replaced by an analogue constrained to the south conformation ( Figure 1G ), but decreases by a similar amount when the sugar is replaced by an antipodal analogue constrained to the north conformation ( Figure 1F ) (5, 6) . The rigid bicylo[3.1.0]-hexane scaffold in these structures effectively locks the conformation of the pseudosugar moiety into either the north (3 0 -endo) and south (2 0 -endo) conformations that normally characterize the sugar moieties of standard nucleosides (6) . The difference in binding affinity between the constrained south analogue ( Figure 1G ) and the constrained north analogue ( Figure 1F ) is >10-fold (7). Second, the crystal structures of M.HhaI/DNA complexed with either a flipped-out base (cytosine, adenine or uracil) or an abasic furanose sugar (PDB 9MHT; Figure 1B ) display a common sugar-phosphate backbone conformation with the target sugar moiety in the north conformation (2, 8) . From these studies, it is clear that the sugar-protein and phosphodiester backbone-protein interactions make significant contributions to rotation of the target base out of the DNA double helix by base-flipping enzymes. However, it seems contradictory that the north abasic pseudosugar decreases the binding affinity whereas the fully flippedout sugar appears always in the north conformation.
To resolve this apparent discrepancy and to examine the effect of having a conformationally constrained sugar on the interaction between M.HhaI and DNA, we describe here the structure of M.HhaI in a ternary complex with AdoHcy and a 13mer non-palindromic DNA duplex containing a 5 0 -GSGC-3 0 / 5 0 -GCGC-3 0 , where 'S' is a south bicyclo[3.1.0]hexane, a pseudorotationally constrained sugar analogue (6) , at the target position on one strand, whereas a normal Cyt is at the target position on the complementary strand. The 'target position' corresponds to that of the nucleotide that would be flipped out and methylated by M.HhaI. In the present structure, which was determined at a resolution of 2.2 s (PDB code 1SKM), the abasic bicyclo[3.1.0]hexane sugar analogue provides an all carbon scaffold ( Figure 1G ). Supplementing the crystallographic data are the results from molecular dynamics (MD) simulations suggesting that the constrained south pseudosugar induces a conformation on the phosphodiester backbone that mimics the mid-point in the trajectory of the base-flipping pathway, possibly representing a transition state in the DNA phosphodiester backbone that occurs during flipping.
MATERIALS AND METHODS
Methods of expression and purification were similar to those published earlier (9) . Double-stranded DNA oligonucleotides were prepared by annealing two single-stranded 13mers d(TCCATGCGCTGAC) and d(TGTCAGSGCATGG), where S is a south bicyclo[3.1.0]hexane, with one 5 0 -thymine overhang. The synthesis of the constrained sugar-containing strand was as described previously (6, 10) . New England Biolabs (Beverly, MA) synthesized the normal strand. Concentrated M.HhaI (15 ml at $20 mg/ml) was incubated with a 50% molar excess of AdoHcy at 16 C for 20 min. Oligonucleotide, also in 50% molar excess to the protein, was then added into the mixture and incubated for 2 h at 4 C. The final protein concentration was $9 mg/ml for crystallization, carried out using the hanging drop method.
A single large crystal in a droplet, under the conditions of 25% polyethylene glycol (PEG-6000), 50 mM sodium cacodylate (pH 6.5) and 75 mM magnesium acetate, was observed after weeks and kept in the mother liquor for months before being used for X-ray data collection, when the crystal was flash frozen in a cold nitrogen stream in well solution that included 25% glycerol. Data were collected at beamline X26C at National Synchrotron Light Source (crystal-to-detector distance was 210 mm, wavelength was 1.10 s, 0.5 rotation and 240 s exposure per image, and a total 129 images were used). The crystal was in space group R32 with a unit cell a = b = 95.68 s, c = 315.68 s. Data were collected to $2.2 s with an average redundancy of 2.9, <I/s> = 18.4 and overall R symm = 6.7%. The dataset is better than 95% complete down to 2.7 s; there the data falls off with the last shell (2.25-2.20 s) being only 36.9% complete with a R symm of 0.179. The structure was solved by molecular replacement using the REPLACE program (11); refinement proceeded using CNS (12 MD simulations used a protocol identical to the published DNA-M.HhaI ternary complex simulations (6) using the program CHARMM (13) with the CHARMM27 all-atom nucleic acid force field (14, 15) . Starting coordinates for the south and north carbocyclic sugar simulations were those of the new reported crystal structure. In the case of the north simulation, the sugar moiety was prepared by applying the crystallographically identified south sugar atoms directly to the north sugar. With the remaining atoms in the system fixed, the north sugar atoms were minimized in the presence of mass weighted harmonic restraints of 10 kcal/mol/s for 50 steepest descent steps, followed by removal of the harmonic restraints and minimization of the sugar for 50 conjugate gradient steps in the presence of a dihedral harmonic restraint of 1000 kcal/ mol/rad on the C4 0 -C3 0 -C2 0 -C1 0 set at 30 , thereby forcing the sugar to assume the north pucker. It should be noted that the timescale of the present simulations, 2 ns, is not of adequate duration for larger scale structural changes, including dissociation of the north DNA from the protein to occur, although, as is evident, it is adequate to yield interesting observations allowing for better interpretation of the experimental data on this system.
Coordinates
Coordinates have been deposited in the Protein Data Bank (accession code 1SKM).
RESULTS
The present study confirms that M.HhaI indeed forms a stable ternary complex (DNA-protein-AdoHcy) when the target cytosine is replaced by an abasic south-constrained pseudosugar. The resulting crystal structure shows the southconstrained target pseudosugar to be trapped on the DNA major groove side by a $90 rotation about its flanking phosphodiester bonds ( Figure 1C ). This corresponds to the mid-point along the flipping pathway, between the non-flipped native B-DNA (0 rotation; Figure 1D ) and the completely flipped state [($180 rotation for a flipped cytosine ( Figure  1A ) or a flipped abasic furanose ( Figure 1B) ]. This result helps to confirm the suggested major groove flipping pathway based on the MD free-energy calculations (16) (see Discussion). The identity of the south-constrained pseudosugar was confirmed by an omit electron density map ( Figure 1H ). The introduction of the constrained sugar did not grossly distort the structure of the complex. The protein component of the complex is nearly identical to that of previously solved DNA-M.HhaI-cofactor ternary structures: least squares superposition of 327 pairs of Ca atoms gave a root-mean-square deviation from 0.327 s (PDB 1FJX) to 0.721 s (PDB 9MHT). Significant changes in protein side chains were only observed near the constrained pseudosugar (Thr 250 and Ser 252 ) and in the active site due to omission of a flipped base.
The south pseudosugar
When base flipping occurs, the previously paired nucleotide on the complementary strand (the 'orphan' base) must be accommodated by M.HhaI. Residues Gln 237 and Ser 87 , which restore the hydrogen-bonding network to the orphan guanine by penetrating into the DNA helix (Figure 2A ), are in positions indistinguishable from those in each of the previously solved DNA-M.HhaI-cofactor ternary structures, indicating that flipping had been initiated. The south-constrained pseudosugar is rotated about its flanking phosphodiester bonds, $90 from its initial position in B-form DNA, but short of the completely flipped position ($180 rotation). Superimposition of the DNA strand containing the constrained pseudosugar with that of 9MHT containing the unconstrained abasic furanose reveals the largest difference to involve the sugar and its associated phosphodiester bonds, particularly on the 3 0 side ( Figure 2B ). Table 1 includes selected dihedrals and the O4*-C4* interstrand distance from the new crystal structure, along with values of the corresponding O4*-O4* distances between Watson-Crick base pair partners and angles from a previous survey of flipped DNA-M.HhaI crystal structures (6) and a survey of B-DNA crystal structures (17) . Four dihedrals were previously shown to differ significantly between B-DNA and the M.HhaI_survey data ('a' in Table 1) , and the crystal structure reported here approximates three of the four changes. These include the 5 0 epsilon, gamma and zeta dihedrals of the target sugar. The change in the 3 0 beta dihedral is not seen in the new crystal structure, but resembles the value in native B-DNA. Notably, the beta dihedral for the target sugar, the dihedral angle along O5 0 -C5 0 bond (see Figure 3) , has a value of 89 , which is nearly 90 away from both the M.HhaI_ survey data (193 -4 ) and the B-DNA (168 ) values. This reinforces the interpretation that the south-constrained pseudosugar analogue is in a position between those characterizing B-DNA and the flipped-out state. An important internal standard is provided by the value of delta, which corresponds to the sugar pseudorotation (ring puckering) angle. In the new structure, delta is 149
, which corresponds to a south pseudorotation angle. This is the expected value for a south-constrained carbocyclic sugar and is similar to the value for B-DNA. In contrast, the delta value from the M.HhaI_survey for the flipped conformation of the unconstrained sugar is 77 , which corresponds to a north sugar pucker.
M.HhaI-south sugar interactions
In the present crystal structure, we identified protein-DNA contacts closer than 4 s as listed in Table 2 and shown schematically in in the DNA recognition domain ( Figure 2C ). This network of interactions involves five distinct components. First, the side chain methyl group of Thr 250 pointing perpendicularly to the triangular plane formed by C1 0 , C4* and C6 0 of the cyclopropane ring. The side chain of Thr 250 is rotated along the Ca-Cb bond, in comparison with the 9MHT structure, maximizing interaction between its methyl group and the triangle of sugar carbons, and also allowing its hydroxyl to form a hydrogen bond with Arg 163 (Figure 2A (Table 2) . Finally, besides the protein-DNA interactions, the south pseudosugar is also in contact with the deoxyribose ring of the 5 0
Gua. The Van der Waals interactions between C4
0 (south pseudosugar) and O3 0 (Gua), and between C4* and C3 0 , make the C4 0 -C4* bond of the south pseudosugar nearly parallel to the O3 0 -C3 0 bond of the 5 0 Gua ( Figure 2D ). Therefore, in the middle of the flipping pathway lies an extensive network of stabilizing interactions (primarily Van der Waals contacts) that trap the south-constrained pseudosugar halfway to the final flipped-out state. Emphasizing the importance of these interactions is the observation that resi- 
The M.HhaI active site
In the absence of a flipped target, the active site of M.HhaI contains a few water molecules (Figure 2A ). For example, water w1 interacts with the side chain of Arg 165 , and w2 interacts with the side chain of Glu 119 and the main chain carbonyl oxygen between Phe 79 and Pro 80 . The water site w1 corresponds to the position of O4* of the abasic furanose sugar in the 9MHT structure, while the w2 site corresponds to the exocyclic amino nitrogen N4 of the flipped cytosine (8) . Interestingly, Arg 165 and Glu 119 form an ion pair that was present in both the M.HhaI structure without DNA (25) and in the structure with DNA containing only the abasic furanose at the flipped position (8), but was absent in all other M.HhaI-DNA complexes containing an entire nucleotide (whether cytosine, uracil or adenine) at the active site. Clearly, the presence of a flipped-out base breaks the salt bridge, resulting in both Glu 119 and Arg 165 interacting with the base (Glu 119 . . . N3, Arg 165 . . . O2 and Arg 165 . . . O4*). Such structural changes in the active site due to the presence of the base may contribute to stabilization of the base in the fully flippedout orientation.
Molecular dynamics simulations
MD simulations were performed on the DNA-M.HhaIAdoHcy ternary complex starting with the new crystal structure to facilitate an understanding of the interactions between the protein and the constrained pseudosugars and how they contribute to the enhanced binding of the south-constrained pseudosugar versus the decreased binding affinity of the north constrained pseudosugar. In the case of the constrained south pseudosugar (Figure 4A ), the probability distribution for the O4*-C4* distance (peaked at $16.5 s) stays close to the present crystallographic value (15.6 s, thick dashed line), being $1 s greater, while in the constrained north simulation the distances ($18 s) shifts to significantly longer values, $2.5 s longer than the crystallographic value. Interestingly, the increase in the O4*-C4* distance with the north conformation yields better agreement with the average value (18.5 s) from the DNA-M.HhaI crystal structures with a completely flipped conformation (thin line).
Consistent with the extensive contacts between the carbocyclic sugar moiety and the protein observed in the crystal structure is the stability of the O4*-C4* distance and dihedral probability distributions (see Supplementary Figure 1 ) in the south MD simulation. In contrast, with the north pseudosugar there are significant deviations from the crystallographic values for the O4*-C4* distance and dihedral distributions are significantly broader than those with the south-constrained pseudosugar (see Supplementary Figure 1 ). These results indicate that the protein cannot accommodate the northconstrained pseudosugar (e.g. see Figure 2E ), contributing to its lower binding affinity. Also, the increase in the O4*-C4* distances in the north simulation is consistent with the crystallographic observations that north conformations are required for binding in the fully flipped state.
DISCUSSION
The new structure of M.HhaI with the constrained south pseudosugar at the target site of the recognition sequence provides important clues for DNA-protein interactions and the mechanism of base flipping. To see the south-constrained pseudosugar frozen in the major groove side was surprising ( Figure 1C ) because it was initially thought that flipping occurred through the minor groove (2). This supposition was based on the location of the M.HhaI DNA recognition domain, which approaches the DNA from the major groove side, and thus, sequence-specific interactions in the major groove were thought likely to block the major groove-flipping pathway. In addition, DNA-only simulations of abasic systems supported the minor groove pathway (6) . However, the new crystal structure indicates that base flipping occurs most likely through the major groove of the DNA. Such a pathway has been suggested based on free-energy calculations of flipping in DNA complexed to M.HhaI (16) .
The presence of the partially flipped pseudosugar in the major groove of the new crystal structure is consistent with the large conformational change of the M.HhaI active-site loop upon DNA binding (2) . This loop moves towards the DNA from the minor groove side, where it would probably interfere with flipping through the minor groove. If flipping occurs via the minor groove before closing at the active-site loop, solvation of the base should occur in a manner similar to DNA in aqueous solution. The energetics of base flipping from DNA in aqueous solution indicate that movement of the target Cyt out of the helix and into an aqueous environment leads to a drastic increase in the free energy, thus disfavouring flipping (26, 27) . Therefore, it was hypothesized that the protein must supply an environment eliminating the unfavourable energetics associated with flipping into an aqueous solution (16) . Such an environment may be supplied by the DNA-binding domain via a major groove-flipping pathway. It was noted earlier that M.HhaI-DNA interactions involve many main chain atoms of the DNA-binding domain, creating an intimate contact surface in the major groove (2) . Of course, we cannot completely exclude the minor groove pathway, though we consider it unlikely. The south pseudosugar conformation we observe could be viewed as having flipped through the minor groove, passed through the active site (because in the absence of the Arg 165 -O4* bonding and other interactions the enzyme would not hold the sugar at the active site) and trapped in the observed location.
The present observations combined with structural results from previously published free-energy calculations (16) can shed additional light on the mechanism of flipping. Presented in Figure 4B is the sugar pseudorotational angle P of the target Cyt sugar as a function of the extent of flipping. As may be seen, the sugar is predominantly sampling south conformations (P = $160 ) in the Watson-Crick base-paired state (Center Of Mass COM pseudodihedral angle = $10 or 370 , depending on whether flipping begins from the minor groove or the major groove, respectively). The south conformation continues to be sampled as flipping occurs via the major groove (i.e. COM Pseudodihedral angle decreasing from 370
). At $285 , which is 85 from the WatsonCrick base-paired state and hence midway to a fully flipped-out state, the sugar pucker starts to decrease and continues to decrease as flipping continues to the fully flipped state at a COM angle of $190
at which the sugar has assumed a north pucker (P $10 ), consistent with the crystal structure of the flipped Cyt in the ternary complex (2) . Interestingly, COM angle of 285 corresponds to the small free-energy barrier that remains to flipping in the presence of the protein [see Figure 1E of (16)]. Since that barrier occurs approximately halfway between the Watson-Crick and fully flipped states and the sugar is still assuming a south conformation, consistent with the new crystal structure, it is suggested that the new crystal structure corresponds to an intermediate stage of the sugar and phosphodiester backbone moieties halfway along the flipping corridor. Consistent with this is the sampling of the target beta dihedral during flipping observed in the free-energy calculations ( Figure 4C ). In the vicinity of the mid-point of the flipping trajectory (COM Pseudodihedral angle = 285 ), beta is sampling a wide range of values, including the value observed in the present crystal structure ($90 , Table 1 ), while in both the Watson-Crick and fully flipped states beta is sampling values in the vicinity of 180 , consistent with that observed in B-DNA and in the M.HhaI-DNA complexes (Table 1) . Thus, the stronger binding of the south abasic pseudosugar suggests that this moiety is possibly mimicking a transition state (see below) of the phosphodiester backbone that occurs during the base-flipping pathway.
The critical question is: How are the interactions between M.HhaI and the DNA phosphodiester backbone facilitating flipping? Based on surveys of crystal structures of canonical DNA there is minimal sampling of beta in the region of 90 , suggesting that this conformation is energetically unfavourable, which is supported by quantum mechanical calculations on model compounds representative of the phosphodiester backbone (17) . Thus, if flipping requires a transition through values of beta near 90 , as indicated in the free-energy calculations ( Figure 4C ), and this region is of high energy, then the enzyme can facilitate flipping by favourably binding this orientation. As shown in Figure 3, as compared to the carbocyclic south pseudosugar. In the case of the north pseudosugar, it appears that the conformational changes required for flipping are disallowed such that favorable interactions between the enzyme and DNA cannot occur leading to the unfavourable experimental binding affinity (6) . Note that in the present MD simulations the movement of the north constrained pseudosugar into a conformation beyond that of the flipped orientation is probably an artefact associated with the starting conformation being the partially flipped state from the present crystal structure (see Figure 2E ). In summary, based on the present structure it is hypothesized that M.HhaI facilitates flipping, in part, by stabilizing an energetically unfavourable conformation of the phosphodiester backbone that may represent a possible transition state in the flipping process. The idea of tight binding of transition states by enzymes being responsible for their catalytic capabilities was first proposed by Pauling (28) . This concept has subsequently been applied to understand chemical catalysis by enzymes [for a recent review see (29) ] as well as being exploited in the rational design of small molecular weight enzyme inhibitors as structural mimics of transition states (30) . However, this concept has been mostly applied to transition states involved in bond making or bond-breaking events, in contrast to the conformational change occurring in the present case. Similar to catalysis of chemical reactions, facilitation of base flipping involves lowering the free-energy barrier to flipping. This represents a change in the conformational dynamics of a macromolecule (i.e. DNA) responding to an external mechanical force imposed by another macromolecule (i.e. the M.HhaI enzyme). Although only a >10-fold increase in binding affinity between oligodeoxynucleotides containing conformationally locked north and south abasic pseudosugars occurs (7), versus the 3-4 order of magnitude increase in affinities generally observed for transition-state mimics of chemical reactions, it is interesting to speculate that similar transition state principles may be applied to macromolecular conformational changes that go through discrete conformational states.
